A series of coumarin derivatives (6-8) containing (E)-methyl 2-(methoxyimino)-2-phenylacetate, (E)-2-(methoxyimino)-N-methyl-2phenylacetamide and methyl methoxy(phenyl)carbamate were synthesized from substituted resorcinols (1) and substituted β-keto esters (2) as starting material via cyclization and condensation reactions. The test results indicated that (E)-methyl 2-{2-[(3-hexyl-4-methyl-coumarin-7yloxy)methyl]phenyl}-2-(methoxyimino)acetate (6f) was the optimal structure with good fungicidal activity against cucumber grey mold (CGM) giving 100% control at 100 mg L -1 concentration, much higher than that of coumoxystrobin. Methyl 2-[(3,4-dimethyl-coumarin -7yloxy)methyl]phenyl(methoxy)carbamate (8a) was another optimal structure with good fungicidal activity against wheat powdery mildew (WPM) showing 100% control at 50 mg L -1 concentration, at the same level as that of the commercial kresoxim-methyl, and very significantly higher than that of coumoxystrobin (no control against WPM at 400 mg L -1 ).
Substituted coumarins and methoxyacrylates derived from strobilurin A exhibit a broad spectrum of bioactivities [1] [2] [3] [4] . A series of coumarin derivatives containing (E)-methyl 3-methoxy-2-phenylacrylate (MA) were synthesized and bioassayed in our previous study [5a-5c] , which resulted in the discovery of coumoxystrobin (SYP-3375), (E)-methyl 2-{2-[(3-n-butyl-4-methylcoumarin-7-yloxy) methyl] phenyl}-3-methoxyacrylate, having a broad spectrum fungicidal activity against cucumber downy mildew (CDM), cucumber grey mold (CGM), wheat powdery mildew (WPM), rice sheath blight (RSB) and apple valsa canker (AVC). Other non-acrylate compounds, such as Kresoxim-methyl [5d], Dimoxystrobin [6] , Orysastrobin [7] , Pyraclostrobin [8] and Pyrametostrobin (SYP-4155) [9] containing related pharmacophores such as (E)-methyl 2-(methoxyimino)-2-phenylacetate (OE), (E)-2-(methoxyimino)-N-methyl-2-phenylacetamide (OA) and methyl methoxy(phenyl) carbamate (MC), were shown to have excellent fungicidal activity. A number of coumarin derivatives containing OE, OA and MC were synthesized using the intermediate derivatization method based on either bioisosteric replacement [5b,5c, [10] [11] [12] or active substructure combination [13] . The fungicidal activity and the structure-activity relationship are also discussed in this paper.
Synthesis:
As shown in Scheme 1, according to known methods [14, 15,16a] , substituted coumarins (3) were prepared from substituted resorcinols (1) and substituted β-keto esters (2) . Then, intermediates (3) were first treated with 1 equiv. of (E)-methyl 2-(2-(bromomethyl) phenyl) -2-(methoxyimino)acetate (4) Many compounds showed 100% control against CDM at 400 mg L -1 , and these compounds were further tested at a lower dose range (200, 100, 50, 25, and 6.25 mg L -1 ). The fungicidal activities of all synthesized compounds were lower than that of coumoxystrobin, except for 6h, which was comparable in potency (Table 1) .
Some synthesized compounds also have fungicidal activity against RSB, CGM and WPM, besides CDM. Especially, compound 6f showed 100% control against CGM at 100 mg L -1 , much higher than that of coumoxystrobin (65%). Furthermore, compounds 6f, 6i and 8a all exhibited excellent activity against WPM, even at a lower dose range (200, 100, and 50 mg L -1 ). Particularly, 8a displayed equal fungicidal activity (100%) against WPM at 50 mg L -1 to kresoxim-methyl. However, coumoxystrobin had no activity against WPM at 400 mg L -1 , which indicated that 8a is comparable with the commercial kresoxim-methyl (Table 2) .
Based on data presented in Table 1 , the title compounds (R 1 is methyl and R 2 is halogen or C 1 -C 6 alkyl) seem to be more active against CDM at lower concentrations, particularly compound 6h (R 1 is methyl and R 2 is n-C 6 H 13 ), which was 85% active at 6.25 mg L -1 , slightly lower than that of coumoxystrobin, and significantly higher than that of kresoxim-methyl. Replacement of the methyl group at R 1 with either n-C 3 H 7 or Ph resulted in loss of activity, respectively (6i and 6j). There are, however, a few exceptions, such as 6e, 6f and 8d. When R 1 and R 2 are combined into a five-or six-membered ring, the fungicidal activity decreases considerably. In addition, introduction of methyl to R 3 of the coumarin ring has little effect on the overall fungicidal activity. Furthermore, related pharmacophores, such as OE (Q=Q 1 ), OA (Q=Q 2 ) and MC (Q=Q 3 ) were studied. As shown in the comparison of these three groups of compounds (6g versus 8d; 6a versus 7a; 6b versus 7b), it seemed that the fungicidal activity of OE (Q=Q 1 ) was at the same level as that of MC (Q=Q 2 ), significantly greater than that of OA (Q=Q 3 ), but an exception was noted, the pairs 6c and 8a showed the opposite trend.
Based on the results against WPM presented in Table 2 , firstly, of the title compounds (R 1 is methyl or n-C 3 H 7 ), all showed good fungicidal activity against WPM, but replacement of n-C 3 H 7 with Ph led to loss of activity; while replacement of methyl with H had little effect on the Preparation and fungicidal activity of coumarin derivatives Natural Product Communications Vol. 6 (12) 2011 1919 activity of the whole molecule. Secondly, introducing H, halogen, methyl, n-C 4 H 9 or n-C 6 H 13 to R 2 to replace n-C 3 H 7 resulted in either reduction or loss of fungicidal activity. The cyclization of R 1 and R 2 made no contribution to the activity of the target compounds. Finally, as for Q, seemingly OE (Q=Q 1 ) has greater fungicidal activity than OA and MC (Q=Q 2 , Q 3 ), but there is still an exception, the pairs 6a and 7a showed nearly equal efficacy.
Insecticidal activity: All synthesized compounds were tested against armyworm, diamondback moth, peach aphid, carmine spider mite and common mosquito. The bioassay results showed that the tested compounds lacked activity against diamondback moth and peach aphid, while three compounds exhibited some insecticidal or acaricidal activities, specifically 6h, with 100% control against carmine spider mite; 7b with 50% control against common mosquito, and 8h with 40% control against armyworm. Overall, the insecticidal activity of this series of compounds was considered modest.
Conclusion:
Two compounds with improved fungicidal activity compared with coumoxystrobin, 6f and 8a, were discovered as the optimal structure against CGM and WPM respectively, through introducing OE (Q=Q 1 ), OA (Q=Q 2 ) and MC (Q=Q 3 ) to replace MA (βmethoxyacrylate pharmacophore) in coumoxystrobin. Compound 6f (R 1 methyl, R 2 methyl, R 3 H, and Q Q 3 ) showed good control against CGM and WPM, especially against CGM (100%) at 100 mg L -1 , much higher than that of coumoxystrobin (65%); Compound 8a (R 1 methyl, R 2 n-C 3 H 7 , R 3 H, and Q Q 1 ) exhibited excellent activity against WPM at 50 mg L -1 (100%), at the same level as that of the commercial kresoxim-methyl, and very significantly higher than that of coumoxystrobin (no control against WPM at 400 mg L -1 ). Another compound, 6h (R 1 methyl and R 2 n-C 6 H 13 ), was also discovered, but although this compound exhibited good activity against CDM (85%) at 6.25 mg L -1 , it appeared to be slightly less potent than coumoxystrobin, but superior to kresoximmethyl. Further syntheses and structure optimization studies are in progress.
Experimental
General: All starting materials and reagents were commercially available. Experimental conditions were quite similar to those reported earlier [9] .
Synthesis of substituted coumarins (3):
To a solution of substituted resorcinol (1) (1 mmol) in 10 mL of conc. H 2 SO 4 , ethyl 3-oxopropanoate (2) (1 mmol) was added drop wise at 5°C. After all the solution has been added (about 30 min), the reaction mixture was stirred at room temperature for 4-5 h and then was poured with vigorous stirring into a mixture of ice (50 g) and water (50 mL), and kept in a refrigerator overnight. The solid was filtered and thoroughly washed with cold water till the pH of the filtrate become neutral. The residue was dried over a sintered glass funnel by vacuum to afford substituted coumarins 3.
Synthesis of compound 6b:
7-Hydroxy-4-methylcoumarin (0.43 g, 2.45 mmol) was dissolved in 5 mL of butanone, and anhydrous potassium carbonate (0.68 g, 4.90 mmol) was added to the solution. The solution was stirred for 30 mins, and methyl (E)-methyl 2-[2-(bromomethyl)phenyl]-2-(methoxyimino)acetate (0.70 g, 2.45 mmol) was then added. The reaction mixture was stirred at refluxing temperature for 5 h and then was cooled, diluted with 50 mL water and extracted with ethyl acetate (3 × 100 mL).
The combined extracts were washed with brine, dried (anhydrous magnesium sulfate), and filtered. The filtrate was evaporated and the crude product was purified via silica gel CC, using a 1:2 (v/v) mixture of ethyl acetate and light petroleum (boiling point range: 60-90°C) as the eluting solution to obtain compound 6b: 0.83 g.
Synthesis of compound 7b:
Compound 6b (0.43 g, 2.45 mmol) was dissolved in 10 mL of methanol, and methylamine (0.16 g, 5.14 mmol) was added to the solution. After 3 h, the mixture was concentrated, diluted with 50 mL water and extracted with ethyl acetate (3 × 100 mL). The combined extracts were washed with brine, dried (anhydrous magnesium sulfate), and filtered. The filtrate was evaporated and the crude product was purified via silica gel CC, using a 1:1 (v/v) mixture of ethyl acetate and light petroleum to obtain compound 7b: 0.90 g.
Synthesis of compound 8a:
7-Hydroxy-3,4dimethyllcoumarin (0.52 g, 2.73 mmol) was dissolved in 5 mL of DMF, and 60% sodium hydride (0.22 g, 5.46 mmol, washed with light petroleum) was added to the solution. The solution was stirred for 30 mins, and methyl 2-(bromomethyl)phenyl(methoxy)carbamate (0.75 g, 2.74 mmol) was then added and stirred for 3 h. The reaction mixture was added to 50 mL water and extracted with ethyl acetate (3 × 100 mL). The combined extracts were washed with brine, dried (anhydrous magnesium sulfate), and filtered. The filtrate was evaporated and the crude product was purified via silica gel CC, using a 1:2 (v/v) mixture of ethyl acetate and light petroleum to obtain compound 8a: 0.82 g. 
